Mechanical neck disorder is a widespread and non-neurological musculoskeletal condition resulting from modern lifestyles. Presently, the fundamental electrophysiological properties of the motor units of the sternocleidomastoid muscles and the characteristics of the shortterm synchronization of the motor unit in patients with neck pain are ambiguous. This study therefore aims to clarify the fundamental electrophysiological properties of the motor units of the sternocleidomastoid muscles in patients with mechanical neck disorder and in asymptomatic individuals. We further investigated whether alterations in the degree of motor unit short-term synchronization occur. The surface electrophysiological signals of the bilateral sternal heads of the sternocleidomastoid muscles of twelve patients with mechanical neck disorder and asymptomatic individuals were detected at 25% of the maximum voluntary contraction during cervical isometric flexion and then decomposed into individual motor unit action potential trains. We found that the patients with mechanical neck disorder showed significantly higher initial and mean firing rates of the sternocleidomastoid muscles and displayed substantially lower motor unit short-term synchronization values compared with the asymptomatic subjects. Consequently, these convincing findings support the assertion that patients with mechanical neck disorder display altered neuromuscular control strategies, such as the reinforcement of motor unit recruitment firing rates in the sternocleidomastoid muscles. The motor units of these patients also revealed neural recruitment strategies with relatively poor efficiency when executing the required motor tasks.
Introduction
Mechanical neck disorder (MND) is commonly considered a widespread and unnerved musculoskeletal condition. Its threats to general health are becoming increasingly severe as technology advances in many industries. MND is defined as generalized neck pain and disability without any abnormal anatomical structures or identifiable orthopedic and neurological problems, such as spinal vertebral fracture, exceptional spinal lordosis, spinal spondylosis, spinal osteoarthritis sought medical treatment within the past 6 weeks participated voluntarily in the present study. The second group consisted of twelve asymptomatic individuals (5 males & 7 females, 27.5 ±6.2 years). None had any history of cervical surgery, cervical trauma, cervical pain or neuromuscular problems. Additional demographic details were initially recorded for each participant and are summarized in Table 1 . Moreover, the level of functional disability of the neck was assessed using the Neck Disability Index for all patients with MND [42] .
Ethics Statement
All participants clearly understood the major aims of the study and signed consent forms prior to participating in the investigations. All the experimental procedures of the present investigation were approved by the Institutional Review Board of Kaohsiung Medical University Chung-Ho Memorial Hospital (No. KMUH-IRB-20120078).
Apparatus for electromyography signal detection
The surface electrophysiological signals were detected from the sternal head of the sternocleidomastoid muscles bilaterally using the non-invasive dEMG TM system (Delsys, Inc., Boston, Massachusetts). The accuracy of this system has been certified to be 92.5% on average. The dEMG TM sensor consists of five pin electrodes; four of five electrodes are arranged in a 5-mm square, and the fifth pin electrode is located in the center of the square. This arrangement enables four channels of surface differential electrophysiological signals to be recorded simultaneously. To measure voluntary isometric contraction force during cervical flexion, a customdesigned force-measuring device with a tension/compression minibean load cell was made and anchored to an examination couch.
Experimental procedures
Because there are no obvious dominance effects of myoelectric activation between the bilateral sternocleidomastoid muscles in normal populations and because the prevalent pain locations were on the bilateral upper trapezius muscles in all the patients with MND in this investigation, the surface electrophysiological signals were detected from the sternocleidomastoid muscles bilaterally and pooled for further analysis. After familiarization with all experimental protocol, each participant was comfortably positioned in a supine position on an examination couch with arms positioned on the each side of the trunk and the trunk fastened via an adjustable strap to avoid unnecessary movements. Each participant was instructed to position the head in at midline, with an imaginary line extending from the forehead to the nose-bridge and running parallel to the load cell. Subsequently, the skin over the bilateral sternocleidomastoid Mann-Whitney U test was used to identify the differences in age, height and weight muscles was cleansed using an alcohol swab. The dEMG TM sensors were then placed over the belly of the sternal head of the sternocleidomastoid muscles bilaterally and fixed with adhesive tape. The ground electrode was attached over the sternal end of the clavicle, and a load cell was affixed to the custom-designed force-measuring device, which was attached firmly to the forehead of each participant (Fig 1) . After the experimental set-up was completed and the participant had practiced the required movements several times, each participant was asked to perform three brief maximum voluntary isometric contractions lasting three seconds. An interval of at least five minutes was provided between each repetition. The highest value of maximum voluntary isometric contraction force among these three repetitions was selected as the reference MVC and used to normalize the force level for further comparison. After the determination of the reference MVC, each participant was asked to follow a serious of trajectories of the target force displayed on a visual feedback monitor for each measurement. The trajectories of the target force followed a trapezoidal paradigm, which increased at a rate of 10% MVC/s, then sustained sub-maximal cervical isometric contraction at 25% MVC for 20 seconds, and finally decreased at a rate of 10% MVC/s. A rest period of at least ten minutes was provided between each measurement to avoid fatigue effects. Verbal encouragement was also provided to motivate each participant to execute cervical flexion contraction as close as possible to the target force. The surface analog electrophysiological signals from four differential channels were band-pass filtered at 20 Hz (12 dB/octave) to 1750 Hz (24 dB/octave), digitized with 16-bit resolution at a sampling rate of 20 kHz and stored on a personal computer for decomposition processing. In addition, the raw EMG signals had to successfully pass the certification of the Delsys Signal Quality Check, with the signal to noise ratio of > 2, baseline noise < 4.8 μV root mean square, and line interference < 1.0 to be acceptable for decomposition processing, according to the user's guide. Next, the Precision Decomposition III algorithm was utilized to decompose the resulting digital electrophysiological signals into their constituent motor unit action potential trains [43, 44] .
Data processing
After successfully decomposing the raw surface electrophysiological signals into constituent motor unit action potential trains, all the firing rate curves of the identified motor units were smoothed using a Hanning filter with a 2-s duration, and a self-developed code in the M Matlab programming language (Version 7.5.0, The Mathworks, Inc., Nattick, MA, USA) was used for further analysis. Fig 2A and 2B illustrates the individual firings and firing rates of the each identified motor units of the unilateral sternocleidomastoid muscle detected at 25% MVC during cervical isometric flexion.
Recruitment characteristics of the motor units of the sternocleidomastoid muscles
Subsequently, three characteristic parameters were extracted to describe the recruitment electrophysiological properties of each identified motor units of the sternocleidomastoid muscles. Except for the recruitment threshold, which is defined as the relative force level (% MVC) at which the initial firing instance begins to discharge, the initial firing rate indicates the representative firing rate at which the initial firing instance occurs and the mean firing rate is defined as the average number of pulses per second (pps) during the duration of the constant force (10 s) when performing the prescribed motor task (Fig 2(B) ).
Motor unit short-term synchronization
To assess the strength of the motor unit synchronization, the short-term synchronization index of each unique possible motor unit pair was adopted as described by De Luca et al. [43, 44] . Two candidate motor unit action potential trains with recruitment threshold differences of less than 5% MVC were selected for comparison. For any candidate motor unit pair, the motor unit with fewer firing instances during the plateau period of the firing rate was taken as the reference motor unit, and the other one was designated the test motor unit. Then, a crossinterval histogram was constructed by accumulating the first-order forward and backward firing latency of the test motor unit while comparing each firing instance of the reference motor unit during the plateau period of the firing rate (Fig 2C and 2D) . The width of the cross-interval histogram was set to plus-minus the mean inter-instance interval of the reference motor unit, and the binwidth resolution was set as 2 ms. The mean value and 95% confidence interval of the count of each firing latency in the cross-interval histogram were then calculated. Any accumulating firing peaks surpassing the 95% confidence interval were designated significantly synchronous firings, whereas firing peaks that fell below the 95% confidence interval were considered occasional firings. Finally, the short-term synchronization index (short-term sync index) of each motor unit pair was determined by computing the percentage of significantly synchronous firings occurring within ±6 ms of zero time latency normalized to the number of firing instances of the reference motor unit, as calculated with the following formula [33, 45] :
where N ssf is the number of the significantly synchronous firing instances that occur within ±6 ms of zero time latency. N mf denotes the mean value of the count of each firing latency in the observed cross-interval histogram. N tf represents the total number of firing instances of the reference motor unit.
Statistical analysis
Descriptive statistics were first undertaken to obtain the group mean and standard deviations (SD) for the demographic data. The relative strength of the relationships between the initial and mean firing rates and the recruitment threshold of each identified motor unit in asymptomatic individuals and in patients with MND were verified using Pearson's correlation analysis. Moreover, the correlation between the short-term synchronization and mean recruitment threshold was assessed using grouped data with class intervals of 5% MVC for all motor unit pairs. Furthermore, a parametric independent samples t-test was conducted to compare the differences between the initial mean firing rates and short-term synchronization of all identified motor units in increments of 5% MVC in asymptomatic individuals and in patients with MND if the normal distribution of dependent variables was verified; otherwise, a nonparametric Mann-Whitney U test was applied. Significance was set at P < 0.05 for all statistical analyses.
Results
In total, 479 motor units from asymptomatic individuals and 612 motor units from patients with MND were successfully decomposed into constituent motor unit action potential trains. Undoubtedly, there were stronger inverse relationships between the initial, mean firing rates and the recruitment thresholds for the sternocleidomastoid muscles in asymptomatic individuals (r = -0.633, P < 0.05 and r = -0.652, P < 0.05) and in patients with MND (r = -0.524, P < 0.05 and r = -0.617, P < 0.05). Figs 3 and 4 depict the distributions of the initial and mean firing rates in increments of 5% MVC for the asymptomatic individuals and the patients with MND, respectively. The results revealed that the identified motor units of the sternocleidomastoid muscles displayed significantly higher initial and mean firing rates in patients with MND than in asymptomatic individuals (P < 0.05) except for those exhibiting motor units with recruitment thresholds corresponding to 15~20% MVC. The detailed motor unit firing behavior of the sternocleidomastoid muscles for the asymptomatic individuals and the patients with MND is summarized in the Table 2 .
Moreover, the degrees of short-term synchronization of all possible motor unit pairs from the sternocleidomastoid muscles were determined to characterize the neuromuscular control strategies in asymptomatic individuals and in patients with MND. Fig 5 provides schematic representations of cross-interval histograms from the occurrence and absence of short-term synchronization for two identified motor unit pairs. In the current work, a total of 2,193 motor unit pairs from asymptomatic individuals and 2,976 motor unit pairs from patients with MND were computed. Fig 6 shows the grouped linear regression analysis of the shortterm synchronization and the mean recruitment threshold for all the identified motor unit pairs of the sternocleidomastoid muscles in increments of 5% MVC. The findings indicated a significant positive relationship in the asymptomatic individuals but not in the patients with MND. Additionally, the patients with MND displayed substantially lower motor unit shortterm synchronization values in the sternocleidomastoid muscles compared with the asymptomatic individuals. 
Discussion
Existing evidence has substantiated the hierarchical control of motor units during voluntary isometric contraction in various neuromuscular systems, such as the vastus lateralis, vastus medialis, first dorsal interosseous and tibialis anterior muscles [43, [46] [47] [48] , indicating that earlier-recruited, lowed-threshold motor units possess higher firing rates than later-recruited, higher-threshold ones. This "onion skin" phenomenon is also observed in the sternocleidomastoid muscles of asymptomatic individuals and even in patients with MND. Additionally, the novel findings of the current work showed significantly higher initial and mean motor unit firing rates in patients with MND than in asymptomatic individuals during the isometric flexion of the sternocleidomastoid muscles. The patients with MND also had reduced motor unit short-term synchronization of the sternocleidomastoid muscles. In summary, the observations obtained in this study affirm the use of altered neuromuscular control strategies in neckrelated muscles among patients with neck pain in contrast with asymptomatic individuals. When considering the electrophysiological properties of motor units, the higher values of initial and mean firing rates in the patients with MND shown here were not identical to the findings of Falla et al., who reported reduced modulation of the discharge rates of the identified motor units in the sternocleidomastoid muscles of women with chronic neck pain [49] . The contradictory observations are mainly attributable to different experimental methodologies. In the current work, the participants conducted isometric contraction at 25% MVC according to their personal muscle contraction capabilities, whereas the subjects in the investigation of Falla et al. performed isometric contraction at a constant force of 15N [49] . Different testing positions of the neck (sitting and lying [either prone or supine]), moreover, could substantially modulate different strategies for recruiting the motor units of the cervical paraspinal muscles during force production [50] . These major differences in experimental manipulations would result in opposite findings.
Another important issue should be worthy of discussing. As we know, the excitability of the motoneurone was gradually suppressed during sub-maximal fatiguing contractions [51] and the decrease of motor unit firing rate was correlated to intensity of muscle pain [52] . However, all patients from our experimental group were rated as having mild disability and no one claimed any trigger points on the sternocleidomastoid muscles while volunteer enrollment. In addition, no participants complained any occurrences of discomfort or painful condition on the sternocleidomastoid muscles during and after experiment. That is, the musculoskeletal physiological phenomena observed from the experimental participants of the current investigation supported the argument that increased activation of the superficial cervical flexor muscles is a neuromuscular control strategy to compensate for the abnormal activation of the deep cervical flexor muscles in patients with neck pain [4, 5] . This compensatory neuromuscular strategy might display distinct modulations of neuromuscular electrophysiological properties compared with painful muscular condition. Since the recruitment of the motor units or the pattern of the discharge rates of activated motor units are the two major elements for modulating mechanical output of neuromuscular systems [18] , manipulations of recruiting more motor units or reinforcing discharge rates of activated motor units from uninjured muscles (superficial cervical flexor muscles) would make it possible to have comparable functions to complete prescribed motor task. Consequently, our current findings could rationally deduce reinforcement of discharge rates of activated motor units in the sternocleidomastoid muscles at least would be one of the neuromuscular adaptions to compensate for the abnormal activation of the deep cervical flexor muscles in patients with MND. This also would be why the hyper-activations of the superficial cervical flexor muscles are commonly identified for patients with neck pain [15, 16, 53] . Secondly, γ-muscle spindle afferent-mediated muscle stiffness [54] is a common clinical symptom in the superficial cervical muscles for patients with neck pain [55] . The discharge rates of activated motor units were likely to be augmented to overcome muscle stiffness of the sternocleidomastoid muscles to successfully achieve prescribed motor task in patients with MND. Finally, another candidate possibility would be that a significantly predominant percentage of fast-twitch type II muscle fibers requires greater simulation rates to accomplish twitch fusion for patients with neck pain [56, 57] .
Regarding motor unit short-term synchronization, significant dependence of short-term synchronization on the mean recruitment threshold in each identified motor unit pair was documented in asymptomatic individuals. These results agree with previous observations of stronger short-term synchronization of the motor unit pairs with high-mean recruitment thresholds than with low-mean recruitment thresholds [33, 45, 58] . It is conceivable that motor unit short-term synchronization serves as a deliberate strategy for neuromuscular activation by attempting to produce efficient mechanical output of the neuromuscular systems [45] . Unquestionably, the results here showed statistically lower short-term synchronization of the motor unit pairs in patients with MND. Distinct modulations of motor unit synchronization among patients with MND and asymptomatic individuals observed in the present investigation subscribe to the assertion that patients with MND used altered neuromuscular control strategies to achieve the prescribed task compared to asymptomatic subjects. Since the plastic modulation of motor unit synchronization is generally thought to originate from common synaptic input branched presynaptic neurons [31, 32] , it is most likely that the reduction in motor unit synchronization reflects the poor cortico-motoneuronal connections, which would be consistent with decreases in muscular strength and presences of jerky or irregular movements for patients with neck pain [2, 9, 10] . Furthermore, another interesting issue should be further elaborated. The findings of the present investigation found patients with MND demonstrated the elevated initial and mean firing rates of the sternocleidomastoid muscles but displayed substantially lower motor unit synchronization values. Consequently, these observations would imply a trend towards reduced neuromuscular efficiency in the sternocleidomastoid muscles during executing the required motor task in subjects with neck pain [53] .
Finally, some experimental limitations of the current work should be mentioned. Firstly, the sternocleidomastoid and anterior scalene muscles actually are major superficial cervical muscles and are believed to contribute for the voluntary cervical flexion [59] . Theoretically, simultaneous observations of myoelectric manifestations of these two muscles would clarify more detailed relationships between fundamental electrophysiological properties and neuromuscular controls for patient with neck pain. Unfortunately, the system for acquiring electromyography signals adopted in the current work just could provide only two acquiring array sensors until now due to substantial technical limitations. Considering the technical restrictions and the functional significances of these two superficial cervical muscles, only the surface electrophysiological signals from the bilateral sternocleidomastoid muscles were identified. Secondly, a relative low intensity (25% MVC) and short duration of isometric contraction rather than a higher level and long duration of force was used for further comparison in this work. Despite finding greater fatigability of the sternocleidomastoid muscles in patients with neck pain, this experimental manipulation failed to explore the fatigue effects of fundamental electrophysiological properties on the motor units of the sternocleidomastoid muscles. However, a low level of muscular contraction (25% MVC) is commonly regarded as a useful and objective myoelectric condition for exploring the physiological properties of neuromuscular dysfunction in patients with neck pain [53] , and it is well known that activities of daily living place low biomechanical demands on the sternocleidomastoid muscles. That is, a low level of muscular contraction seems to authentically reflect the electrophysiological nature of the sternocleidomastoid muscles. Sampling error is another limitation of this study, as there was a predominance of females in the sample. The experimental participants may not be representative of the general population. For these reasons, the present findings should be interpreted with caution.
In summary, the present study showed that the identified motor units of the sternocleidomastoid muscles displayed significantly higher initial and mean firing rates in patients with MND than in asymptomatic individuals, except for the identified motor units with recruitment thresholds corresponding to 15~20% MVC. Simultaneously, the patients with MND displayed lower motor unit short-term synchronization values of the sternocleidomastoid muscles compared with asymptomatic individuals. These convincing findings suggest that patients with MND used altered neuromuscular control strategies, such as the reinforcement of motor unit recruitment firing rates in the sternocleidomastoid muscles, to achieve the target force while performing cervical isometric flexion. Furthermore, the motor units of the MND patients also exhibited less efficient neural recruitment strategies than asymptomatic individuals when executing the required motor tasks.
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